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1.0 SUMMARY

The 'Payload Deployment and Retrieval System Simulation' (PDRSS) program,
which is currently in use for simulating the Remote Manipulator System (RMS)
does not have the capability to update the flexibility coefficients as the

arm design changes. Any standard structural program can be used to calculate
these coefficients. However, most of these structural programs require

large computers and the associated turn-around time and expense make them
unattractive for calculating just the flexibility coefficients. A program
(called 'Program A' in this report) has been developed on the Hewlett Packard-

9825 to calculate these flexibility coefficients.

Another program (called 'Program B') has béen developed to cut down the

number of PDRSS runs required to simulate various RMS maneuvers. This program
calculates the end-effector flexibility and the joint flexibility terms for
the torque rotor model of each joint for any arbitrary arm configuration.
Instead of making expensive PDRSS runs for all the required arm operations,
program 'B' can be used to select those which involve stiffest arm config-
urations. Figure 2 shows the use of programs 'A' and 'B' in conjunction with
the PDRSS program. Flexibility coefficients calculated by 'A' are required

as input to 'B’',

Section 2.0 describes the purpose of this task in greater detail. Equations
used in 'A' and 'B' are presented in Section 3.0,

Appendix A discusses the mathematical basis for the equations used in

'A' and 'B'.

Appendix B familiarizes the user with *he procedure required to access the
programs 'A' and 'B', the input parameters required and the output obtained.

Appendix C presents the results which are obtained through the use of
programs 'A' and 'B' for two example problems and compares them with the
PORSS results. Appendix D contains the listing of programs 'A' and 'B'.



2.0 INTRODUCTION

The 'Payload Deployment and Retrieval System Simulation' (PDRSS) program,
which is currently in use for simulating the RMS, uses a five beam model to
represent the arm. In this model, flexibility coefficients for each of the
five beams are required to simulate the arm motion and the loads generated
during any commanded arm operation. At present, the flexibility coefficients
built-into the PORSS program, have been calculated by assuming beam one is
between the attach point and the shoulder pitch joint and is composed of
three different‘segménts. Similarly, beam two is between the shoulder pitch
joint and the elbow pitch joint and is composed of three segments; beam three
is between the elbow pitch joint and the wrist pitch joint and consists of
three segments; beam four is between the wrist pitch joint and yaw joint and
consists of two segments; beam five is between the wrist yaw joint and the

end effector and consists of three segments. The above model is shown in
Figure 1.

The PDRSS program does not nave the capability to update the flexibility
coefficients as the arm design changes. Any standard structural program
can be used to calculate these flexibility coefficients but most of these
programs use large computers and the turn-around time and expense involved
make them unattractive. Therefore, it was recognized that a program is needed,
which could be run on a desk-type computer, to calculate the flexibility co-
efficients for the arm modeled by any given number of beams each consisting
of an arbitrary number of segments. This led to the first objective of

this task, i.e., to develop a prugram on the Hewlett-Packard 9825 to cal-
culate the flexibility coefficients. The second objective of this task was
to develop the capability to determine the arm flexibility in any given con-
figuration, i.e., deflection at the end-effector due to unit loads at the
end effector for any arbitrary arm configuration. This information would
be useful in making a judgement regarding the arm stiffness and thereby
anticipating its natural frequency and loads in a given configuration.



For example, to assure that design loads are not exceeded during arm
operation, instead of making expensive PDRSS runs for all the required arm
operations we can select those which involve arm configurations with higher
stiffnesses. To this end another H. P, program has been developed which
determines end-effector arm flexibility, when given the individual beam
flexibility coefficients and the arm configuration (characterized by
specifying six joint angles). This program has been further extended to
determine the flexibility coefficients for the torque motor model at each
Joint, When studying simplified simulation techinques which could be used
instead of PDRSS, flexibility for the torque motor model can be calculated

with the above program. The use of programs 'A' and 'B' in conjunction with

the PDRSS program to simulate the arm is shown in Figure 2.
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3.0 ANALYSIS

Equations used in programs ‘A' and '’ are presented below. Program 'A' uses
the standard 1oad/deflection re'ationship for a beam to calculate the
flexibility coefficients. Three rotational and two displacement degrees of
freedom are assumed for each beam. In the RMS simulation it is assumed that
the displacement along the beam axis is negligible; therefore, the
flexibility coefficient in the axial direction is taken to be zero. Program
'B' uses the flexibility coefficients of each beam to calculate the combined
arm flexibility at the end-effector. Program 'B' takes into account the
effect of arm configuration by using transformation matrices to transform all
the flexibility coefficients into the wrist-pitch system. Through the use of
the Jacobian matrix, program 'B' uses the end-aoffector flexibility
‘coefficients to calculate the flexibility at each of the six RMS joints. It
further calculates, the joint flexibility terms for the torque motor model at
each joint. Appendix A presents the derivation wﬁich'leads to the equations

used in program 'A' and 'B’.

3.1 PROGRAM ‘A’
For a beam consisting of n segments, the load/deflection relationship is

given by

(M)

;Rn} ; ‘L" anl {Ln-l _on-1 ‘Ll ul}{ng}

lo ) o L2 ]o L (e !



where

.’ .{1 L, s (22,7261, l3,./6£12l
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Superscript n = Number of Segment

Subscript L = L.H.S. of Segment
Subscript R = R.H.S. of Segmént
L, = Length of nth Segment
E = Young's Modulus, nth Segment
I = Moment of Tnertia About the Z-Axis, nth Segment
YR" = Displacement at R.H.S. of nth Segment in the Y-

Direction.
#" = Rotation at R.H.S. of nth Segnent About the Z-Axis

MR" = Bending Moment Applied at R.H.S. of nth Segment About the
Z-Axis

FR" = Force Applied at R.H.S. of nth Segment in the Y-Direction

Another Equation, Similar to (1) can be written for bending about the
Y-Axis. The only difference would be the moment of inertia about the
Y-Axis, I, instead of I,. For torsional flexibility, the torque/rotation

relationship is given by

n ., 3 K n
eR K=1 Gg Jg R

(2)



where eR“ = Rotation at R.H.S5. of nth Segment About the Beam Axis
1R" = Applied Torque at R.H.S. of nth Segment About the Beam Axis

G, = Shear Modulus of nth Segment
Jp = Polar Moment of Inertia of nth Segment

In Program 'A' Equations (1) and (2) have been programmed to calculate
flexibility coefficients of a beam consisting of arbitrary number of segments
n.

3.2 PROGRAM 'B'

For the RMS consisting of five beams, end-effector flexibility (yg) in the

Wrist-Pitch System is given by

o s { 1 o} ngi 0 ) frunt vi2f) (T O } I ris
YE| =
¥l -ris 1) 0 Ty riz' 22| o Ty lo 1

4
where -rjg =-L r
. i5 ke K
0 "'K3 r'Kz
and ry = rK3 0 -rKI where rKJ = Length of (K + 1).h Beam
2 o0 in jth Direction, K = 1, 2, 3, 4
§J=1,2,3

Superscripts j = 1, 2, 3 Represent
X, Y, Z Axes of the Orbiter Coordinate

System, Respectively.

(3)



Twg » 1= 1,2, 3, 4, 5 are the transformation matrices from the beam
{ system to the W. Pitcn system, 711‘ R 7121 ' yzgi o 11,2, 3,4,

5 are the matrices of flexibility coefficients of beam 1,

The joint flexibility matrix is given by

fa} = {o-1h ey b 7Y | I

and the flexibility term for the torque motor model at each joint is:

27 22|} 21
i€ = Yiig - {YiJ } {Y1J } {Y|J } i=1,2,3,4, (5)

{yia } is a 5x5 matrix derived from {Ydt by deleting the ith row and column,
i being the number of the joint. {y,d } is a 5x1 matrix derived from {yd}by

taking the ith column and deleting the ith element,

Equations (3), (4) and (5) are used in Program 'B' to calculate the end-
effector flexibility, joint flexibility and the flexibility terms for the

torque motor model,



4.0 CONCLUSIONS AND RECOMMENDA I 1ONS

Two computer programs, 'A' and 'B', on the Hewlett-Packard 9825 have been
developed incorporating the computations described in the previous sec-
tion. The input and output data formats of these programs are described
in Appendix B, sample results are in Apgendix C and Program Listings are
in Appendix D. Conclusions and recommendations related to the use of

these programs are summarized below,

Program 'A' is used to calculate flexibility coefficients for the example
prob]em 1 in Appendix C-1., Flexibility coefficients for beams 2 and 3 as
calculated by Program 'A' are presented in Appendix C-3.1 along with corres-
ponding flexibility coefficients currently used in the PDRSS. Comparing
the two we conclude that they match closely. The difference in 2nd and 3rd
decimal place- (8 and 9 significant figures) is attributed to different

number vf ‘.gnificant figures in the two machines.

Program 'B' is used to calculate the end-effector arm flexibility for the
example problem 2 in Appendix C-2. For comparison, end-effector arm flexibility
calculated by Program 'B' is presented in Appendix C.3-2 along with end-effector
“lexbility calculated by PDRSS. We again conclude that these flexibility
coefficients match almost exactly. Again, the insignificant difference is

attributed to the different machines used to compute these coefficients.

We have concluded from the execution of the sample problems that the formulation
and implementation of the programs is correct. The programs are available for
use. Further information may be obtained by contacting the author, Lalit Kumar,

at McDonnell Dcuglas Technical Services Company, 488-5660, Extension 216.
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APPENDIX A
APPLICAB.E EUATIONS 4

a | i
oy

FIGURE A-1

For a cantilever beam of length % shown in Figure A-1, the deflection due to

end load F is given by

23
vF == F (A-1)
3El,
The deflection due to moment M
22 '
M . A-2
! 2E1, PRCEDING PAGE BLANK NOT FILM: )
The total def1ect1oniis :
23 22 :
Yy = YFryM=C F+ M A
3EI, 2E1,
Similarly Total Rotation/Sloye is given by:
22 L
¢ =c——F + — M \ (A-4)
2€1, El,

where E = Young's Modulus
I = Moment of Inertia of the Beam Crossection About the Z-Axis

I} = Moment of Inertia of the Beam Crossection About the Y-Axis



For an arbitrary uniform beam segment loaded as shown in Figure -2

...L(.L : Jl o

Fr
Figure A-2

) 22
R = ¢L + — Mg - FR (A-5)

El, 2El,

22 23
Vet S0 ¢ et » o P (A-6)
. ; . 2tlp . 3El, .
M = Mg - LF, (A-7)
FL = Fp (A-8)
Rearranging Equations A-5, --- A-8 and writing in matrix form
YR 1 ) 22/2E1, 23/6E1, Y
R 0 1 L/E1p 22/2€1; oL
y (A-9)

Mg 0 0 1 L ML
Fr 0 0 0 1 L

In partitioned form

{::} : ‘; | i} {:t} (A-10)

A-2



where L = s & "
lo 1 :11512

2 /2E

12

R3/6E1
22/2€1

Similarly for two consecutive segments

ig! R 6L
PR} o ! PL

R L5 B |
be2) o 12

£} ‘&Lzl
but =

PR’ IPL2$

Therefore by substitution

£r2 2 2 L1

PR’ 0 2 0

For n consecutive segnents

ER" 5 :Ln u"l
PR" 0 L"‘

1

1

{£2]

lPL?‘

“‘l
8

Ln-1

0

PLI

4n-1
Ln-l

Superscript Refers to the Segment Number

Subscript L + L.H.S., of Beam

Subscript R + R.H.S. of Beam

A-3

},0.

fo

ol

o o
——

ELll
pY)

(A-11)

(A-12)

“(A-13)

(A-14)

(A-15)



By Definition
1§} = A} {F} (A-16)
6x1 6x6  6xl |

Where & is the deflection due to load F and A 1is a 6xb matrix of

flexibility coefficients. Writing A-16 in expanded form

8o, ML M2 M3 Ala A Mg My
So A2t A2 A3 Aq A Agg My
8o, . A1 Az A3z Aza Axs Az M, 1)
Sy Al A A3 Mg Aes Agg Fx
Sy Asy  Asp  Asy  Asq Ass  Asg Fy
§; Aol As2 A3 Asa  Ags Mgk F2

In our model we assume zero flexibility along the beam longitudinal axis,

say, X-axis. Aq4 =0, i=1,2,3,4,5,6
Since, by definition A is symmetric, Ajq = Ag; = 0, i =1,2,3,4,5,6

Also, for a beam Aj2 = A13 = Ajg = Ajs = Alg = 0

R23 = Agq = Aps =0
A3g = A3 o,
Asg =0

And due to symmetry Apy = A3 = Aq1 = Ag) = Ag) = A32 = Ag2 = Agp
= A3 = Ag3 = Ags =0

A-4



Therefore the flexibility matrix A reduces to

Ay 0 e0 0 0

0 Ajp 0 0 0 Axg

0 0 A3 0 Azs O (A-18)
0 0 o 0 o0 0

0 0 Ay, O Ags 0

0 Ag O 0 0 As6

i.e., seven non-zero flexibility coefficients need to be determined. For a

single beam segment, using equations A-5 and A-6

’ t 23
A = — A = — A 5 -
22 Ul 33 el 5 ......__3“2
i3 22 02 (A-19)
| J——— A R — A n - o =l
- ’ 26 y A3g
ky 3EN 21 215
)
Ajp = Torsional Flexibility = —
GJ

For a beam consisting of more than one seament, AZZ' A33. A55, AGS' A35, A26

are calculated using equation A-15 and rewriting it in the form of equations

A-5, A-6, A-7, A-8

And A 9 . L, : Ly A
n R} .Y e R A-2
GyJ GpJy G (A-20)

The above equations have been programmed to calculate the flexibility
coefficients of beams given the lengths, Young's modulus, moment of inertias
about the two bending axes, shear modulus (G) and polar moment of inertia (J)

of each segment.

A-5



END-EFFECTOR ARM FLEXIBILITY

The flexibility matrix, A for a beam can be written in the following form

1 lel an
2 v
Apy 0 0 l c 0 0 l
where Yy; = (0 Arg 0 2 Y2 =0 0 Ay
0 0 A33‘ 0 A35 0 ‘
0 0 0 l

And  Ypp = lo A55 0
0 0 %5’

From Reference 1, Page 14, the End-Effector Flexibility ]ygfis given by

i i
O T O vz ' v YT 0 1 s
el = B i . l (A-22)
=l (-ris 1”0 Tm”*lz Y22 '} (0 Tiu‘o 1
;
where -r = . r
i5 Ko K
0 -rK3 rK2 rKJ = length of K+l beam in jth direc-
n--" rK3 0 -rKI tion Superscripts 1, 2, 3 Represent
-rxz rxl 0 X, Y, Z Axes of Orbiter Coordinate

System, Respectively.

A-6



Ty 11,2, 3,4,5

fs the transformation matrix from beam 1 system to W, Pitch system

Yll io le 1| 72? f i= lo 2- 3| 4' 5
Are the matrices of flexibility coefficients of beam i,

Equation A-22 has been programmed to determine the End-Effector flexibility
given the length of each beam, orientation of the arm (characterized by 6

joint angles) and the seven flexibility coefficients for each beam,

The joint flexibility matrix {Y,}is derived as follows:

The End-Effector flexibility relationship can be expressed as
{Se} = {re}{re} (h-23)

Where {8,}is a 6x1 matrix containing three rotations and three deflections,
{Fol is a 6x1 force matrix containing three moments and three forces;

{Yolis a 6x6 flexibility matrix.

End-Effector deflections can be related uniquely to joint rotations using the

rate law (valid only for 6 joint system), Reference 2.

{J}{6G} . {Ge} (A-24)

|J| = 6x6 Jacobian matrix for the given arm (6 Joints) configuration.
{80}= 6x1 matrix of rotations at each of the 6 Joints

Similarly End-Effector loads can be related to joint torques

{7t = {J}T {Fel . {tg} = 6x1 Matrix of Joint Torques (A-25)
-1
or {}T°° T} = {Fel (A-26)
Substituting for Fe and S in Equation A-23, we get

A-7



1

WE 1o} = ol 0T Y prd |
or {0} = {01 fvel 1N ffl (A-27)
From A-27 fya} = 191} o)™ (A-28)

Equation A-28 has been used to calculate the joint flexibility.

Flexibility terms for the torque motor model at each joint are calculated
from fygmatrix as follows:
e
(T 22)~1 21
vio tvitg g ) eyt vyt te L3456 (A29)

Where |7iJ22| is the 5x5 matrix derived from {yj}by deleting the ith row and
column, i being the number of joint. '71J21' is the 5x1 matrix derived

from {yy} by taking the ith column and deleting the ith element.

A-8



APPENDIX B

PROGRAM USAGE

The following programs may be obtained from L. Kumar, 488-5660, Ext. 217,

B.1 CALCULATION OF FLEXIBILITY COEFFICIENTS - PROGRAM A

To access the program and run it, tiie following procedure is required:

Step 1 Load the tape on HP-9825, labeled side of the tape toward the back of
HP-9825,

te

:

Turn on the calculator and the printer.

w
-~
w

.

Access the appropriate track number by typing trk . 1 and pressing
the EXECUTE key. . indicates a blank space.

toad the appropriate file by typing 1df ~ 3 and pressing the EXECUTE
ey._

Run the program by pressing the RUN key.

IM
[
.
o

*-CEDING PAGE BLANK NOT FiLy;:

B-1



Input Parameters

Once the program is running several self-explanatory messages are displayc

The following explains the displays and inputs required sequentially,

HP-9825 Display Display Duration Response Required From User
(1) Beam One, First Cross Axis 2 Secs No Response Required, Info only
(2) No. of segments Input the number of segments

in beam 1 and press "Continue" key
(3) Notation used for segment K 2 Secs No resp. req., Info only
(4) L [K]) = Length, Inches 2 Secs No resp. req., Info only
(5) E [K] = Youngs Mod., Psi 2 Secs No resp. req., Info only
(6) G [K] = Shear Mpd.. Psi 2 Secs No resp. req., Info only

(7) :I[ﬁ]*=4Moment of Iner., 2 Secs No resp. req., Info only
N

(8) J [K] = Polar Momt, of 2 Secs No resp. req., Info only
Iner., (IN) * 4

(9) L [1] ’ Input the length of Seg. 1, Beam 1
and press "Continue" key

(10) € [1) Input Young's Mod. of Seg. 1, Beam 1
and press "Continue" key

(11) 6 [1] | Input shear Mod. of Seg. 1, Beam 1
and press "Continue" key

(12) 1 [1] Input moment of inertia of Seg. 1,
Beam 1 About Cross Axis, 1, Press
"Continue" key

(13) J [1] ' Input polar moment of inertia of
Eeg. 1 Beam 1, Press “Continue"
ey

The last five variables will be displayed repeatedly until L[K], E[K], G[K],
1[K], J[K] for the Kth segment, Beam 1 have been input. K = No.

of segments in Beam 1 which was entered in Line 1.



1P-9825 Display Display Duration Response Required From User

(14) Moment of Iner., -2nd 2 Secs No resp. req., Info. only
Cross Axis
(15) 1 [1)] Input Momt, of Iner. Seqg. 1,

Beam 1 about cross axis 2,
press “"Continue" key

(16) 1 2]

(17) 1 [x] Input Momt. of Iner. Seq. K,
Beam 1 about cross axis 2,
press "Continue" key

(18) Beam two, first cross axis 2 Secs No resp. req., Info. only

Display will start again from Line (2). Input parameters for Beam 2 from
Line (2) to (17).

(19) Beam three, first cross 2 Secs No Resp. req. Info. only
axis

Again it will go back to Line (2). _lnput Beam 3 parameters from Line (2) to (17).
(20) Beam four, first cross axis 2 Secs No Resp. req. Info. only

Start again from Line (2). Input Beam 4 parameters from Line (2) to (17).

(21) Beam Five, First Cross Axis 2 Secs No Resp. req. Info. only

Start again from line (2). Input Beam 5 parameters from Line (2) to (17).

(22) End

NOTE: Currently the program has been set-up for five beams but it can easily
be extended to any number of beams by simply changing the beam counter
variable YO
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Program Output

Referring to Eqn. A-15, for any beam consisting of several segments we can

write

[ L o YL
R . |
Mg M
Fr 0 L FL

where L s a 2x2 matrix given by JLK} {LK=1}. . fL}}

. "
K = No. of segnents, {LX| = . 1

a is a 2x2 matrix given by
SR O TR DO T T B T I (L TR L TR SO A (L) IO (R

The program outputs matrix L and a 1in each cross-axis for beam 1 to beam

5, followed by flexibility coefficients Gamma [1]... Gamma [7].



Interpretation of Gasma { , 1 =1, 2,3, 4,5, 6,7

Numerical values of Gamna 1§ , i=1, 2, 3, 4, 5, 6, 7 as calculated by the
program are correct but the signs for some of the Gammas might be reversed
due to loading direction chosen in Equations A-3 and A-4, The following

signs are associated with each of the Gammas.

Gaima 1 , 1 =1, 2, 3 are the rotations in radians about axes x, y, z or x,
z, y (depending upon whether first cross axis is the Y-Axis or Z-Axis) for
unit loads in Ft-Lb applied about axes x, y, z or x, z, y respectively.

These three Gammas are always positive.

If first cross axis is the Y-Axis Gamma 5 = Disp. in Z-Dir. For Unit

Force in Z-Dir. (FT/LB) Always Positive.
Gamma 4 = Disp. in Y-Dir. For Unit
Force in Y-Dir,(FT/LB) Always Positive,
gamma 16 Z-D§°t.(3b07tBY;AR:S For UniEi
orce in Z-Dir. (Rad/LB. ways Negative.
Gamma 7 = Rot. About Z-Axis For Unit
Force in Y-Dir, (Rad/LB.) Always Positive,

If first cross axis is the Z-Axis Gamma 5 = Disp. in Y-Dir. For Unit Force
in Y-Dir. (FT/LB) Always Positive.

Gamma 4 = Disp. in Z-Dir. For Unit Force
In Z-Dir. (FT/LB.) Always Positive.

Gamma 6 = Rot. About Z-AXis For Unit Force
In Y-Dir. (Rad/LB.) Always Positive.

Gan a 7 = Rot. About Y-AxTs For Unit Force
In Z-Dir. (Rad/LB.) Always Negative.
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B.2 CALCULATION OF END EFFECTOR FLEXIBILITY - PROGRAM B

To access the program and run it same procedure as on page 11 is to be
followed. In step 4 instead of typing 1df 3 type 1df 2 and press the
EXECUTE key.

Input Parameters

H.P.-9825 Display Disp. Duration Response Required From User

SEecs

(1) Input angles and lengths 2 No Resp. Req. info. only
(2) Yo - Enter Outb'd roll angle, press “"Continue"
(3)Mm - Enter shoulder yaw angle, press "Continue"
(4) Y2 e Enter shoulder pitch angle, press "Continue"
(5) Y3 . - Enter elbow pitch angle, press "Continue"
(6) va - Enter wrist pitch angle, press "Continue
(7) Y5 - Enter wrist yaw angle, press "Continue'
(8) Y6 - Enter hand roll angle, press “Continue"
(9) 7 - Enter Attach pt. to shoulder pitch

«ength in ft. and press "Continue"
(10) 18 - Enter Sh, pitch to E1. pitch length

in ft. and press "Continue"
(11) Y9 - Enter E1. pitch to wrist pitcii length

in ft. and press "Continue"
(12) Y10 - Enter wrist pt. to wrist yaw length

~ in ft. and press "continue"

(13) Y11 - Enter wrist yaw to E.E. tip length

in ft. and press "Continue"
(14) Print Transf.-Beam 1 2 No Resp. Req. info only

to 0.b Sys? _

(15) 1 = Yes 0 = No 2 No Resp. Req. info only
(16) Y22 - Enter 1 or 0 as desired, press "Continue"



H.P,-9825 Display Disp, Duration Response Required From User

SeCs
(17) Print Transf-Beam 2 2 No Resp. Req. info. only
to Orb Sys?
(18) 1 = Yes 0 = No 2 No Resp. Req. info. only
(19) Y22 - Enter 1 or 0 as desired, press "Continue"
(20) Print Transf-Beam 3 2 No Resp. Req. info. only
to Orb Sys?
(21) 1 = Yes 0 = No 2 No Resp. Req. info. only
(22) Y22 - Enter 1 or 0, press "Continue"
(23) Print Transf-Beam 4 2 No Resp. Req. info. only
to Orb Sys? :
(24) 1 = Yes 0 = No 2 No Resp. Req. info. only
(25) Y22 - Enter 1 or 0, press "Continue"
.(26) Print Transf-Beam 5 2 No Resp. Req. info. only
to Orb Sys?
(27) 1 = Yes 0 = No 2 No Resp.‘Req. info. only
(28) Y22 - Enter 1 or 0, press "Continue"
(29) Use Built-in flex 2 No Resp. Req. info. only
coefficients?
(30) 1 = Yes 0 = No 2 No Resp. Req. info. only
(31) Y22 - Enter 1 or 0, Press "Continue"

If the answer is no, i.e., 0 Entry in (31), Display will start from (32),

otherwise from (40).

(32) Input flex. 2 No Resp. Req. info. only
coefficients-Gammas
(33) z [1,1] - Enter Gamma 1 for Beam 1,
press "Continue"
(34) Z [2,2] - Enter Gamma 2 for Beam 1,

press "Continue"
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M.P,-9825 Display  Disp, Duration Response Required From User

el

(35) 2 [3,3) - Enter Gamma 3 for Beam 1,
press "Continue®

(30) 2 [5,5) - Enter Gamma 4 for Beam 1,
press “"Continue"

(37) 7 [6,6) - Enter Gamma 5 for Beam 1,
press "Continue"

(38) 72 [2,6] - Enter Ganma 6 for Beam 1,
press "Continue®

(39) 7 [3,5) - Enter Gamma 7 for Beam 1,

press "Continue"

Display will repeat from (32) to (39) until flexibility coefficients for all

the five beams have been entered

(40) Print End-Effector 2 No Resp. Req. info. only
arm flex,?

(41) 1 = Yes 0 = No 2 No Resp. Req. info. only

(42) Y22 - Enter 1 or 0, presc "Continue"

(43) Print the Jacobian 2 No Resp. Req. info. only
matrix?

(44 1 = Yes 0 = No 2 No Resp. Req. info. only

(45) y2? - Enter 1 or 0, press "Continue"

(46) Print goint flex. 2 No Resp. Req. info. only
matrix

(47) 1 = Yes 0 = No 2 No Resp. Req. info. only

(48) Y22 - Enter 1 or 0, press "Continue"

End of the program
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PROGRAM OUTPUT DESCRIPTION

Output obtained depends upon the user's choice. The following data (except
the components of beam lengths in the wrist-pitch system and the joint
flexibility terms for the torque motor model which is always printed) is

optional and can be printed or not printed.

(1) Transformation matrices - from beam coordinate systems to orbiter

system,

(11) End-Effector arm flexibility in W-pitch system i.e., if
{8e} is a 6x1 deflection matrix at the E.E. due to {Pe} loads at the
E.E. then {8} = JYlPol. And {¥} is the 6x6 E.E. flexibility matrix.

(111) Jacobian 6x6 matrix for the given arm configuration

(iv) Joint flexibility matrix. For a six joint system, six rotations
(one rotation at each joint) can be related to torques at each joint
thru joint fleiibility matrix.

{so} - 1Y9b 1% b {Yal = dt. Flex. Matrix.



c.1

Example 1

APPENDIX C

Calculate the flexibility coefficients of an arm composed of five beams with

the following number of segments, section and material properties.

Beam 1

Number of segments = 3

Segment 1 Segment 2 Segment 3
Length (IN) 1.0 16.0 17.0
Youngs Modulus 1.0 x 107 1.0 x 107 1.0 x 107

E (P5I)

Shear Modulus
G (PSI)

Moment of
Inertia, First

Cross Axis (IN“)

Second Cross
Axis (INY)

Polar Moment

3.84615 x 106

1.05

2.04

10.55

3.84615 x 106

6.8

6.8

400,00

3.84615 x 10°

30.6

30.6

63.00

of Inertia (INY)

#ICEDING PAGE BLANK NOT FILME
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Beam ?

Number of Segments = 3

Length (IN)

Young's Modulus

(PSI

Shear Modulus
(PSI)

Moment of Inertia
First Cross Axis

(INY)

(IN

Polar Moment

of Inertia (INY)

Beam 3 _

Number of Segments

Length (IN)

Young's Modulus
(PSI?

Shear Modulus
(PSI)

Moment of Inertia
Firit Cross Axis
)

(IN

Moment of Inertia
Secgnd Cross Axis
)

(IN

Polar Momen
Inertia (IN)

Secgnd Cross Axis
)

Segment 1
15.0
1.0 x 107

3.84615 x 100

27.0

27.0

55.6

L]
w

Segment !
15.0
1.0 x 107

3.84615 x 106

27.0

27.0

55.6

c-2

Segment 2
235.0
2.22 x 107

5.63 x 106

98.5

98.5

197.0

Segment 2
235.0
2.22 x 107

5.63 x 106

37.4

37.4

74.8

Segment 3
15.0
1.0 x 107

3.84615 x 106

27.0

27.0

55.6

Segment 3
15.0
1.0 x 107

3.84615 x 106

12.0

2.8

124.5



Beam 4

Number of Segments = 2

Length (IN)

Young's Modulus

(PSt)

Shear Modulus
(PS1)

Moment of Inertia
Firit Cross Axis
)

(IN

(IN

Polar Moment of

Inertia (INY)

Beam 5

Number of Segments

Length (IN)

Youn?'s Modulus

(PSI

Shear Modulus(PSI)

Moment of Inertia
Firat Cross Axis
)

(IN

Moment of Inertia
Secgnd Cross Axis
)

(IN

Polar Momen& of
)

Inertia (IN

Secgnd Cross Axis
)

Segment 1
15.0
1.0 x 107

3.84615 x 100

12.0

124.5

U]
s

Segment 1
10.0
1.0 x 107

3.84615 x 100
1.868

83.0

c-3

Segment 2
10.0
1.0 x 107

3.84615 x 100

1.868

8.0

83.0

Segment 2
20.0
1.0 x 107

3.84615 x 100
50.0

50.0

100.0

Segment 3
15.0
1.0 x 107

3.84615 x 106
1000.0

1000.0

2000.0



Qutput From Program ‘A’

ATTACH PP, TO SIDULDER PITCH=dEAY LHO, ONE

SHOULDER

S 1Y EL. PIICH=3EAMN RO, TV

ELOOW PITCH TO WRLIST PITCH=UEAN WO, THREE
WRISTE PITCA TO WRIST YAW=JUAM NO, FOUR
WRIST YAW 1'O Ewd EFFECIOR-JEAN NO, FIVE v

FOR OEAM NO = 1-=4ATRIX L([2X2) 6 t[2X2] FOR BENDING AXISel

LIl,1) =
Li1,21
Li2,1
Li2,2)
rll,1)
1,24
ri2,U
£l2,2)
FOR BEAM
Li1,1)
Lil,2
Li2,1)
Li2,2]
tl1,1)
1,21
r l2 :ll
rl2,2)
JEAN WO,
Gl\l“o"L\ l ll
GAMMA [2)
GAMAN | 3)
GAAAA [ 4)
GAMA [ 5)
SAN (6]
GAMAN [ 7)

FOR BEAA
Li1,1]
L(Y,2)
Li2,1]
L[2,2)
c[1,1)
rll,21
tf2,1)
cl2,2)
FOR dEAX
Li1,1)
LI1,2]
Li2,1)
Li2,2
(“ull
cll,2)
cl2,1)
tl2,2)
BEAY NO.
Gaa (1)
GAAMA [ 2)
SALWN [ ])
GALA [ 4)
SALW [ 5)
GALA [o)
SALALT)

# K E B BE GG

1. 0000008 VO
. 400000e 01
J, 0000008 00
1. 000000E 00
9. 545051E-06
6.0212576-05
3. 300d73E-07 .
3. 5819332-06
NO = 1=-=4ATRIX L([2X2)& £[2X2] FOR DENDING AXIS=2
1. 000000 00
3. 4000008 01
0. 0000008 00 ' .
1. 0000V0E 00 .
7.993732E-06
5.9442276-05
3. 393693E-07
3. 5533248-006
lJe===fLEXIBILITY COEFP.
1. 202441¢=06 rad/ft=1b
4.6330532-06 rad/ft-1b
4.0734318-06 rad/ft-1b
-1.7703392-05 ft/1b
=2,2026608-05 ft/1b
=9, 545051e-06 rad/1lb
=7,996702e-06 rad/1lb

NO = 2-=MATRIX L([2X2)& £[2X2] FOR BENDING AXIS=1
1. 0000008 00
2. 6500008 02
0.000000& 00 _ .
1. 0000008 00
2, 3961 712E-05
1. 6040576=03
2. 1357906-07
2.8961726-05 e S
NO = 2==dATRIX L[2X2)& r[242] FOR DENDING AXIS=2
1. 0000008 00
2. 6500008 02
0. 000000 00
1. 0000008 00
2, 3961 72E-05
1. 6046571-03
2. 1a5790£-07
2. 89%1726-05
& J====pLELIVILLYY i}‘ol-:l"l-'. ORIGINAD PAGE ¥
4.226034e-06 cad/ft=-1b"
2.6229486-06 rad/ft=1b OF POOR QUALITM
2,622948:-06 cad/Ct=1b
=5, 05J498¢ =04 e/ 1b
-5 054 de-01 [t/ 1lb
=2.4961226-05 rad/lb
-2, 890172:8-05 rad/ b

A B E &R



~

" ORIGINAL PAGE 18
OE POOR

FOR BEAM NO = J==AATRIX L[2X2)& r[2X2) FOR BLDING AXLIS-4

Lil,1l] =
Lil,2)
Ll2,1)
Ll2,21
rll,1)
ell,2)
l’lz.“
012,21
FOR JEA
Li1,1)
L l.!l
L2,
Li2,21
‘llfll
rll,2)
el2,1)
(2,21
DEAM NO.
SAM[1)
SAMAA (2]
GAMMA Y]
SAAN [4)
CAdMA [ 5)
SALAA [6)
GAdA [ 7]

FOR BEAA

Lil,l)
L[1,2]
Li2,1
Li2,2]
rll,1
rll,2)
rl2,1
rl2,2)

SAMIN [ L)
SALIA (2]
GALN [ D)
SALAN [4)
SAN [ 5]
GAMA [6)

S GNA[T7)

1. OUO0J0E 0
2,6500002 02
0. 0000002 00
1, 000000E 00
5. 274540805
4, 011322¢-013
4.6359262-07
7.0106536-05

WO = J==AATALIX L(242) & r([2X2) FOR BESDING AKIS-?

1. 000000 00
2, 6500008 02
0. 000000 00
1. 000000e 00
5. 582532E-05
4,797313e-03
8. 7430692-07
1. 7536552-04

Je===FLEXISILITY COEFF.

7. 913995:2-06
5.503111e-06
1.049168£~05
-8, 33044228-04
=d. 304772-04
=5.2745462-05

=5.5325822-05

rad/fe-1b
rad/fe=1b
rad/ft=-1b
ft/1b
ft/lb
rad/1b
rad/ lb

NO = 4-=MATRIX L[2X2)& r[2X2]) FOR BEJDING AX[S'[

1. 000000 00
2. 5000008 01
0.000000E 00
1.000000& 00
4.8041602-06
v, 313459£~-05
6.603319¢-07
1. 164414E-05

NO = 4--{ATRIX L[2X2)& r[ZXZl FOR BBNDING ALLS5=2

e eE EWNR

1. 0000002 00
2. 50000u0e 01
0.000000& 00
1. 000000 00
1. 000000&-05
7.17126198-05
6.507143E-07
0. 5173576-06

f===-FLLXIJSILITY COEVPF.

7. 518030E-07
7. 923343:-06
7.9285715-00
=1l 4356158~-05
=4,3724508-006
=4.d04100e =00
=1.000000E~035

4 ﬂu'/tt"lb
tad/fe=1b
rad/[t-1b
ft/ lb
ft/ lb
tad/ 1b
tad/ 1b



,y

FUR DEAA NO = S==4ATHIX LI2X2) 6 £([242]) FUR QESULING AX1S»1

: =
L{1,01 = 1. 0000008 00 gFoT .
LI, 20 = 4,500000¢ 0) - :
L{2,1) = 0.000000€ 00 : ) 2
LI2,2) = 1.000000€ 00 . ' :
ell, 1« 2,24245)¢-05 . AT ’
el1,2) = 1.2160657¢-04 : :
£(2,1 = 5 763319£-07 ‘
r(2,2) = 3. 5329108-06
POR BEA HO = 5==1ATAIX L[242)& r[2X2) FOR DENDING AXISe2
LI1,1) = 1.000000E 00
LI1,2) = 4.500000e 01
LI2,1] = 0.000000€ 00 : :
L[2,20 = 1.000000€ 00 ’
e[, = 6.011250€-06 -
r(1,2) = 4.3013758-05 . y .
£(2,1) = 1.6650008-07 :
£12,2) = 1. 4312506-06 ' :
BEAN BO, = S====7LEXIJILITY COEFP, ;
SAAM[1)] = 1. 023305€-06 tad/fe=1b : -
GALWN[2) = 6.9219332-06 rad/ft=1b . i .
SALA[3) = 1,923000:-06 rad/ft-1b :
SALM (4] = ~1.8957292~05 ft/1b :
GAAM (S| = =7.3953172-05 fe/1b
GANLAN[6) = =2,2424532-05 rad/1b : Iy
CAVM(7) = =6.0112502~06 rad/1b '
’
¥ o
' '
0 . .
. .
- . . ~
% ' a ~ -

. -

—
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C.2 Example 2
Calculate end effector arm flexibility in the wrist-pitch system for a five
beam arm defined by the following beam lengths and orientation. Use the

built-in flexibility coefficients for each beam,

Outboard Roll Angle = 19.,2°

Shoulder Yaw Angle = 0.0°
Shoulder Pitch Angle = 90.0°
Elbow Pitch Angle = -30.0°
Wrist Pitch Angle = 30.0°
Wrist Yaw Angle = 0.0°
Hand Ro11 Angle = 0.0°
.Beam 1 Length, FT = 2,874083
Beam 2 Length, FT = 20.920833
Beam 3 Length, FT = 23.1625
Beam 4 Length, FT = 1.5

Beam 5 Length, FT = 4,416067
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Output From Program B

The following output is obtained by answering "Yes" to all the print options

available,

QUTJOARD WOLL ANGLE=rO

SUMNWLOER YAW AuGLE=rl

SIDULLER PIICH AWGLE=r2

ELBOW PLISH AndLE=r) . ‘

WRISE PIICH AxGLE=rd .
WRlST YAd AwGLE=crS -
dAND ROLL AlGLE=gé - "

AIPACH PT. TO SUMLDER PITCH LENGTH=g?

SIDULDER PLIISH TO ELLIW PLICH LENGIH=d

ELBOW PIICH TO WRISE PITSH LEAGTH (9

WRIST PISCH TO WRIST YAW LEaGlidsrl0

WRIST YAW TO EwD EFFCCIVR LEaGlii=rll

FRANSFORMATION FROM AEAM OWE SYSTEA TO ORIITER SYSTEM

0.000000e 00 0.000000& 00 1. 000000 0O
-3,2886662-01 9.443764E-01 0. 000000 00
=9, 443764R-01 -3,288666E~01 0.000000& 00

TRAN "YRAATION PROM BEAM TWO) TO ORSITER SYSTEM

0.0 400 0.000000e 00 -1, 000000 00
-3.2886668~-01 =9.4437642-01 0. 000000 00
=9.443764E~-01 3,28306606E-01 0. 000000 00

FTRANSFORMAYION FROM DEAM THREE SYSTEM TO ORDBITER SYSTEM

=5.000220e~01 0.000000& 00 -0.060254e-01
-2, 848069£~-01 =9, 442764E-01 1.6443338-01
-8.178539£-01 3.288666a8~-01 4. 721832e8-01

TRANSFORJATION FROM WEAM FOUR SYSTEA TO ORJMITER SYSTEM

0. 000000 00 0.000000& 00 =1.0000006 00
-1,298666E~01 -9, 443764E-01 1. 000000E~12
=9.443764e-01 3.288666:5-01 0.000000E 00

TRANSFORANTION FROM SEAM FIVE SYSTEA T0 ORJITER SYSTEM

0.000000c 00 0.000000ec 00 -1. 0000008 00
+3.23436606:2-01 =9.441764:-01 1. 000000E~12
=9.443754:~C1 3. 200666:-01 0. 0000008 00

c-8

T —



-_— - - - -

CALCYLATE mt)'ﬂtll'i OF LENGTH VECTORS I THE WAIST-PITCH SYSTEM . =

APO 312 g{ IIAN.Ifg;%lhdfn

N THe HIISf—:lTCH SYSTEM
09208 valc=1 1

=6, J80164L~12

.GDNPOIElfl OF BEAM THREE LENGEN IN THE WRIST-PITCH SYSTEM ' ’
2.0059)1e 01 2.3162506-11 ‘L 15312%5€ 01

COMPOJENTS OF BEAM FOUR LENGIN IN THE WRIST-PITCH SYSTEM = = o= : o

1. 500000 00 0.000000¢ 00 0. 00000CE 00

COMPONENTS OF BEAM FIVE LEJGTH IN THE WRIST-PITCA SYSTEM
4. 416667€ 00 3.3)0e-12 0. 000000 00

END EFFECTOR ARM FLEXIBILITY IA TUE WRIST-PITCA

1. 453700€E-05
2.03525)e-17
1. 010250E=-06
=1. 47105)E~-18
=8, 407081¢-05
4. 12106816

2.035283€-17
2.707000:-0%
=43.0094012~18
1.0546312-04
=1, 10%091e=1é
~4.543615:-04

1,013250£-06
~d.009401E~-18
2. 325700£-09%
-2,839293E~16
4.692904£-04
2.61830dc~10

SYSTEN

=1. 471053E-16
1.0%46312~04
«2.47°29)é=16
1.0 4363-0)

=7. 1292758=158
=3, 967946E~-0)

JACOSIAN FOR THIS ARA COMP. IN THE WRISP=PITCH SYSTEM

1. 000000 00
=1.0000002-12
=).26d666E~1)
=1 1%31252~-11
=1.153125¢ 01

5. 797041e~-11

=1. 0u0000E~-12
1. 0000002 00
=9, 44376 42-1)
1. 158125¢ 01
=3.27069%-11
~4.649641E 01

JOINT FLEXIDILITY MATRIX

L 047d53¢-04
6. 9957544-17
3.6)1)és2-17
L 119747e-16
=2.9305)14-0%
=9, 7T140124-05

JOINT FLEAISILITIES FOR THE

MWTOR MODEL
SHOULDER SIWULDER ELOOW WRLse
YAR JT. PITCH JT. PITCH JT. PITCH JT.
L. A40676-08 6.1570€-vs 2.550%-06 1.6530¢-05

6. 975754e-17
6. 195181e~06
=3, 0272942-07
=3 702082¢-07
=2. 2136428-17
=9, Lheud9i~17

TORQUE

2,0000002-12
1. 0000002 00
=7.835097¢~14
1. 1581252 01
=2, 519774e~11
=2,597%%¢ 01

). 6313682~-17
=3, 02720 -07
2. 65M04E~-06
1.227d40¢-06
2. 7159932-18
=4, 7917719 =11

0. 000000 00
1.000000e 00
0. 000000 00
0. 0000002 00
0. 0000008 Q9
=5. 9léve?E 00

1. 779747816
=3, 7020%2:8-07
1.227240£-06
1. 700000£-05
-5.6937032-17
-1 624015¢-16

wetyl
YAG JT.

-3, 407131E-05
=1.10%091E~16
4, 699904E-04
=7, 129275¢=1%
1.765481£-02
1.4736126~-15

0, co0000E 00
0. 0000300 00
1. 0000008 00
~8,8))334e-12
4. 4106672 00
0. 0000400 00

-2,930531E-05
=2.97)642:6-11
2.7159%3:-10
-6.6937033-17
2.8257002-0%
3. 0819006-05

HAND
RLL

-

1. 3054€-0% 1, 35156-0%

.

4.1217068~-16
=4, 53)615¢-04
2.613360C-16
=), 967916e-0)
1.4736126-15
L. 5452542-02

1. 000000e 00
2.000000e-12
0. 000000e 00
0. 000000E 00
0.000000¢ 00
0.000000¢ 00

=9. 714012e£-0%
=6. 1%669%2-17
-4,.73177%%-17
=1, 624015616
3, 031906E-0%
L. 0408 %4E-04

R e Rl o

.
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C.3 Comparison of Results

C.3.1 Flexibility Coefficients - Program 'A’

Beam Flexibility Coefficients Flexibility Coefficients Used
Number Calculated by Program 'A’ in the PDRSS, Calculated by LEC
GAMMA (1) = 4,226034 x 106 4,24 x 106
GAMMA (2) = 2.622948 x 1076 2.616 x 10-6
GAMMA (3) = 2.622948 x 106 2.628 x 10-6
2 GAMMA (4) = 5.058498 x 10~4 5,0585 x 104
GAMMA (5) = 5,058498 x 10~4 5.0585 x 10~
GAMMA (6) = -2.896172 x 10-5 -2.895 x 105
GAMMA (7) = 2.896172 x 10-5 2.896 x 10-5
GAMMA (1) = 7.913996 x 106 7.908 x 1076
GAMMA (2) = 5.563111 x 10-6 ~ 5.568 x 1076
GAMMA (3) = 1,049168 x 10-5 1.0438 x 10-5
3 GAMMA (4) = 8.330442 x 10~4 8.3304 x 104
GAMMA (5) = 8.304772 x 104 8.3048 x 10-4
GAMMA (6) = 5.274546 x 10-5 5.274 x 10-5
GAMMA (7) = -5,582582 x 1075 -5.583 x 105
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€.3.2 End-Effector Flexibility, Program '8’

i

End-Effector Flexibility Calculated by Program '8'

1.458700 x 1075 0.0 1.013250 x 10°6
0.0 2.707600 x 10-5 0.0
1.013253 x 1076 0.0 2.825700 x 1075
.0 1.051631 x 10-4 0.0
-8.407181 x 10°5 0.0 4.699904 x 104
0.0 -4.583615 x 10~ 9.0

End-Effector Flexibility Calculated by PDRSS

1.458700 x 10-5 0.0 1.013249 x 106
0.0 ©2.707000 x 105 0.0
1.013249 x 1n-6 0.0 2.825700 ¢ 10-%
0.0 1.054631 x 105 0.0
-8.407181 x 10-5 0.0 4,699903 x 10-4
0.0 -4,583615 x 10~4 0.0

0.0
1.054631 x '0-4
0.0
1.106363 x 10°3

0.0

.=3.967946 x 10-3

0.0
1.054631 x 10-5
0.0
1.106363 x 10-3
0.0
-3,967945 x 103

-8.407181 x 10-5
0.0

4.699904 x 104
0.0

1.765481 x 10-2
0.0

-8.107181 x 10-5
0.0
4.699903 x 104
0.0
1.765480 x 10-2
0.0

0.0
-4.583615 x 10-4
0.0
-3.967946 x 10-3
0.0

'1.545254 x 10-2

0.0
-4.533615 x 10-4

0.0
-3.967945 x 103

0.0
1.545253 x 10-¢



APPENDIX D
D.1 Listing of Program A

0: flt 6 :

t fnt 1,e13.6,2

ds It 2,M1.0,012

3: fat 3,1/ y

4: fmr 4,01.0,c41,f1.0

5: fmt § .el'.! 6

6: wrt 6, "AI'fACH PP. 10 SUOULDER PITCH=3EA!l NO. ONE"

7: wrt &, "SHOULLER PIICH TU LL. PITCI=3CAM4 NHO. TWO® . .
3: wrt &, "EiLsud PITCH TV LRIST PlUCi=3£id NO, THREE® P
9t wrt 6,"wk130 PITCH TO WRIST YAW=IEAA 4. FOUR"

10: wet 6, "wnl3T YAW TO Edu EFFECIVR=4SEAHM NO. FIVE®

11: wrt 6.3 .

12: dim L[50),E[50),1(50),3(50),J(50)

13: dim A[2,2) ,4(2,2),8(2,2),C(2,2),002,2]),F[2,2),41(2,2),1(2,2)

14: dia P[7] . .
15: dsp "OJEAM OHC,FIRST CROSS AXIS";wait 200N

16: ler0 ’ .

17: enp "40. OF SEGAENTS",S

18: 1+0 ' . e

19: 1leK

20: dsp "WOTATION USED FOR SEGMEAT K";wait 2000

21: dsp “"L(K) = LEJGTH, INCHES";wait 2000

22: dsp "E[K]) = YOUWGS I1OD., PSI";wait 2000

23: dsp “"G[K) = SHEAR !DD., P31";wait 2000

24: dsp "I(K]=M0UEAT OF IWER.,(Iq) "4";wait 2000

253 430 "J (K] =POLAR 340, IdER.,(1d) 4" ;wait 2000

203 enp L(K),c(K),S(K),I(K),I(K)

27: if K<3;A+l+K;9t0 26

233 1-A[1,1]+A[2,2)

29: L(1)+A[1,2)

30: 0+aA[2,1) ' mECEDmG P ' |

3: 0eni(1,0)+a(1,2)+0(2,1]+u(2,2 AGE BLAN

32 1e¢ ' - " K NOT FiLmg,
33: LIKILIK)/2E(K)T1(K)+B(1,1])+B(2,2)

34: LIRIL(KILIK]/6€ (X)L [K)+B(1,2]) . =

35: L(R)/E[X) L ([K)=2[2,1)

36: if A<3;R+1l+<£;300 38

37: gto 51

38: 1le2[1,1]+C[2 2| '

39; th1~|1 3 i e 2 e S s
40: 0+2(2,1)

41: L[KILIKI/ZEIKII[K]*DU 1)1 -0(2,2]

42: Ll'l[.[hlblr&]/or. KII[K)+ D[l,Zl

43: L&) /(L)L (K)»0(2,1])

44: mat CA+F

45: mat Co+d

46: mat DA-M

47: ara Hhlel : T
43: ara A ' ot §50 02
49: aca H+8

50: gto 36

5Ll: wrt 6.4,"FOR BEAM NO = ®,20,"=-JATRIX L(2X2)& £ [242) FOR BENDIWG AXIS=",0
52: wrt 6, S."L{l 1] = *,Al):1)

53: wrt 6.5,"L(1,2] = "iAll.2]

54: wrt 6.5,"L(2,1) = *,A[2,1)

551 wrt 6.5,"L(2,2) = " A[2.2)

S6: wet 6.5,"c(1,1] = ", B(1.1] o
§7: wrt 8.5,"c(1,2] = "L u(1.2) S
$0: wrt 6.5,"c(2,1] = *.a(2.1) I T 1o, T ¢ oLe
99t wee 8.5,"c(2,2) =:*,u(2,2) * O T R T afr, Wit
60t u'un;-;co 10 T g

6l: 128(2,L)+P[2)
62: (B(1,21=3¢1,11A01, Zl)/lz.nlbl
6_3: dl2,21-as(2,L1A(1,2)1+0(06)



.

e c——

[T H
65:
66:
67
(T H
69:
0
1
12
13
T4
15:
75:
1
18
19
80:
dl:
82:
a4
84:
d5:
‘I'H
87:
8d:
89:
90
91:
92:

Utle0

1+£
eno 1(K)

it KeijReledigto 67 !

gto 28

128(2,1) «213) N

dsp “WOUEWT OF INER.=240 CROSS AXI® jwait 2000

& v Ll -— .. w0 - -y -

e

- =f*

-

(301,20=001,11A11,2))/12«P(4)
Al2,21-812,11A11,2) =010

Lk

RLIKIZGIKID (KeR(2) &5 -
if K<3jKeledigto 77 .- :

qto 78

12L(K) /G (K)I (K1 4R (1) «P[1) sqto 75
wet 6.2,"00AN WO, = *, 10, "===-FLEXIBILITY COEFF."

wrt 8.1, "GALA (L)
wrt 6.1, "G40 [2)
wet 6. 1,%CNAMA L))
wIt o. la.C\\J-u\l"l
wrt 5- l..\‘\\-‘ltl‘!sl
wee 6.1, "CALAN[6)
wrt 6.1,"GAdA[7)

6.3

= ", Pl1)," rad/fe~-1Db"
s ", P(2)," rad/ft-1b"
- "P 3] .. rad/[‘-lb-
. Pis)," LE/1b"

= " Pl5l," Lt/ 1"

= ", Pl6)," rad/1b" ?
= *. P17 ," rad/1b"

wrt
Af r0<5;c0¢1+t0;9t0 89

qto 93

if r0=2;dsp
if c0=3;dsp
if c0=4;dsp
i€ r0=5;dsp

By

"BEAY TWD,FIRST CROS5S AXIS" jwait 2000;9to 17

"BEAM TIHREE ,FIRST CROSS AXIS";walt 2000:9 to 17
“BEAM FOUR,FIRST CRISS AXIS" jwalit 200039t0 17
"UEAM FIVE,FIRST CROSS AXIS";wait 2000;9t0 17
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0
1
2

4:
5
[ H

B:
T
10:
11:
12

N
4

15:
| OO
| i

8:

1
20¢
21
an
an
24:
25:
a6:
an
20
29:
M
3l
L P B

In
RN

IS
dot
In

Ja:

o

41
42
LR
44:
45:
46:
an:
44
49;
$0:
Sl
LY ¥
sh
S4:
55:
So:
T

59:
(1R
ol:
[P
0l

D.2 Listing Of Program B

fie 9
WL o, "OUTIIARD RILL ANGLE=cO*
WER O, "HI0JLOUER YAW ANGLE=CL®
WEL o, "SULOLR PLICH ANCLE=F2®
Wit o, "ELOOW PLICH AnGLEsg )"
wit b.'ﬁdlﬁr PLECH AsGLE=gd*
Wit o, "WRlST YAW AdGLE=rS®
wit D. "l ROLL AsGLUe#re*
wit 6.'1\HA PP, TO SHOJLOLER Pll‘ul LEAGPi=e?*
wEL 6, "SINULLER PLICH TV CLOOW PITCH LEASPd=cd"
wit 0.‘tLu&ﬁ PITCH 0 WRISE PITCH LEAGPA=(9*
WEt 6, "WRLIST PIICH O WRIST YAW LEJdGId=rlO®
WEE 6, "WRLST YAW TO EnD CAFECTUR LEGGPdA=rlLl®
iat 1,)/
wit °u1
Jia ALY OJllr’l oc|]|]| 13,3 003,00 ,.013,3),3113.)) |“l!|ll
din ll!rll OJl-‘r‘loKl3|1| I“l’lll o -‘l‘l' 'J‘lul“‘ v ‘i('!d] .l’l6.6'
din Qlo,6] ,(6,6),8(0,0],010,0) ,X(6,0),¥10,6),416,0],0(3,3]
din VIe,30) ,4136,6)
dap "IN0dT AJGLES AND LEAGLHS® jwait 2000 5
0erl2 *
enp rrl2 :
ff rl2<117240)12+1129k0 21
=led (1,0} ;001 2)0[1,3)«U[2,1)+0[],0)
=coa(t0) »0[2,2)1c08 (t0) «U(]), ll;nln(rO)oulz I1-013,2)
Oeall, Ll eAL1,2)=0[2,3)+A1),))
l'All{H
=sin(rd) «Al2,1)+A13,2)
coa(rd) eAl2,2] 3 =Ccoa (r0) »A[},1)
Al l)ed 2,00 sA02, ) ev(2,0)3A03,1) «9()3,1)
fmt 2,elX.0,5%x,01),6,5x,¢e1).5,2/
tot J,eld o0,3x,013,6,3x,e1),6,3x,e13,6,3x,013,6,)x,¢13.6
dsp "Print Trans{=dcam 1 o Ocb Sys?*;wait 2000

d.-t " OleYES 040 ";wait 2000

ent r22

it t22=0;9¢0 39 ¥

leg2 - PR ——— M, S

wit 6.'rRA1xros\\rlos FROJ BEANM ONE SYSTEM TO ORMTER SYSTEN®

wet 6.2,A1c23,)) ,Alc2)3,2) Ale23,3)1dmp (lOtJJor!3)>l

m!\ 3 0 -u le-.ll -\u.n-un 2)
coa :fa-nl I-A(...

tln(nlo-dll. I:'ulnlrl)-le 1)

Lol 2,2]30+211,2)1 (2,0 =212,3) «C13,2)

coa(rd) «211, llo;l] Jl:ain(n:)-»{] Lli=ain(c2)«C(1,))
trn 0

ten Cegd

wat DE«F

mat U3

wll,2) «i(7,2 'u[...lnatﬁ 21:G[3,2) =i(9,2])

dsp "erint Transf-deam 2 To Otb Sys?"j;wait 2000

dop * ls¥YE88 , 0240 “jwait 2000
ent 22

vl r2270:9t0 56

leg2}

WEE 0, "TRARSPORIATION FROI GEAM TWO TO ORMITER Syscen®
wEe 6. 2,30c23,00),31c23,2),.01c2),3)33mp (Llecd Jegd2 33 )
cos(:ll-:ll.ll-:Il,]l:aln(tS)u.ll Lli=sin(cd) «2[1,])
ten Coid

mat Giel

VL1200 d (13,30 :0(2,2) =3[ 14,00:0(3,2) «0(15, Jl

dso "vrint Nanst-daan ) o Ocb Sya?";wait 2000

Jap * LeYas L0000 "jwait 2000

ent 22

A0 r22+0:9t0 67
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-

bd:
65;
606
67:
69
6Y:
:
71
12
73
4:
75:
7161
™
73:
9%
B80:
8l:
82:
8l:
84:
85:
do:
an
B3:
89:
90:
91:
92
93:
94:
95:
961
97:
93:
99;
100:
10):
102:
103:
104;
105:
100:
107:
1043:
109:
110:
111:
112
113:
114:
115:
116:
117
113:
119:
120:
121,
122;
123:
124:
1252
126
12°:

ler2)

Wit G, "IIANSFORMATION FROM DEAM THREE SYSTEM TO ORJITER SYSTEM®
wet 6.2,00c23,1) ,01r23,2),01c23,3)33mo (lerd o2 ) >)
cos(r%)-Jll.ll-CIJ.]l:sin(ti[OJl3.1]1-510(:4!OSII.JI

ten CoF

mat DFeE s
E(1,2)«d119,41;E12,2)«0(20,4):E(3,2) +1(21,4)

dep "Print Transf-d2am 4 To Orp Sys?";wait 2000

dsp " 1=YeS ,0=d0 ";wait 2000

ent r2? 1

if t22«0;9¢t0 78

1+023

Wit 6, "IRANSFORAATION FROI REAM FOUR SYSTEM TO ORDITER SYSTEM®
wee 6.2,8023,1) ,21023,2) ,E0c23,3)13mp (lerd derd ) >}

cos(rS »3[l, ) =8(2,2)i5in(c5) »B[1,2);~sin(c5)*8(2,1)

ten Bef , .

mat EFeB

FLL, 3 +d[25,5) 3P 12,3) »4(26,5)3F(2,3) «(27,5)
1«C(1,1):0«C(),2]2(1,3)C[2,1)3([3,1)

cos(ro) «2[2,2])+213,3);8in(c6)«C[2,3]):=sin(c6) «C[3,2)

ten CoF

mat LF«C

Cll,1)«i(31,6);:C(2,1)«4[32,6):C[3,1)+4(33,6) )
dsp "Print Transf-adcam 5 To Oco Sys?";wait 2000 "~ =~ =~ ===°°
dsp " 1=YCS ,0=40 ";wait 2000

ent r22 -

if r22=0;9t0 94

1123

wet 6, "TRANSFORAATION FROM BEAM FIVE SYSTEM TO ORBITER SYSTEM®
urti.Z,Cl::B.u,Jlr!lJl,Clr!J,H;jmp {ltr2 3+123) >3

inv A=A
mat AE«B :

trn deA
AL »d (1,00 5A02,0)+9(2,0)5A03,1) %0(3,1)

inv G«
mat CEeB

ten B3

Gl1,2]4[7,21:G(2,2) «d(8,2);G[3,2) »i[9,2]

inv D=0

mat VE-B Ju %

ten gep A ,

DL, 20 »4[13,3);0(02,20+4(14,3);0(3,2) +4[15,3)
O+d[19,4) e [21,4);1+0(20,4)

Aany EeF

mat FCeB .

ara B+C

ClL, 1) «d[31,6];C[2,1)+W[32,6);:C(3,1)+4]33,6)

idn E ;

wrt 6,"CALCULATE COMPOJEN IS OF LEJGIH VECFORS IN THE GLRIST=-PIVCH SYSTEM®

wrt 6.1
rd«d(1l,1):0«0(2,1)«l(],1)
mat Gidel

wrt 0, "COMPONENTS OF BEAM TWO LENGIH IN THE WRIST-PITCH SYSTEM®
wet 8.2,111,1) 012,80 ,813,))

c9«i(1,1)

mat DHed :

wrt 6.1

wrt o, "COMPONENTS OF JEAM TUHREE LEJGIH IN THE WRIST-PITCH SYSTEM®

e 8:2,310,2) 312,11 .,313,1)
clusi(l,1)

mat Eile£

wre 6.1

Wit 6, "COUPONCNTS OF BEAM FOUR LENGOL TH THE WRIST-P UICH SYSTEN®

wit G-‘!.ﬁllal! "lzlli l"t"lll



128: rll=i|l,1)

129: mat Cidel

130: wrt 6.1

131: wet 6, "COMPONCNTS OF DEAM FIVE LENGIH IN THE WRIST=PITCH SYSTEM®

132: wrt 6. 2,L00,0),L12,00,L03,0) °
133: lerl) i

134: if r1d>1;9t0 142

135: ata felsid : .
136: ara Jirded

137: ara 1444 E

31383 i3 1) oVI4,2) o VI4,3) s=M13, 2]l +¥VI8: 1) V]S, oo mnnnen et ®
139: =A12,0) eV[4,3)«V[4,9):1[2,1)+V][6,1])+V[6,7]
140: MY, 1) +VI[5,3)=VI]5,9)s-l1,1)=V][6,2]1+VI6,8)

*153 ?§°ri§§z:q:o 149

143: ara KetLeM .
144: ara Jéden
145: M(3,1)=V[4,04];-M[3,1)+V([5,13) :

1463 ~4[2,1) V(4,150 4(2,1) V(6,03

147 All,Ll1+v([5,15)1=d[1,1])V][6,14)

140: gto 163 ;
149: 1f rld>3;qto 155

150: ara KéLeno

151: M(3,1)-Vv(4,20):-413,1)+V]5,19)

152: -4[(2,1)1+V[4,21):M12,1)+V][6,19)

153: ML, 1) =v(5,21)5-4|1,1)+V[6,20)

154: gto 163

155: if ¢l3>4;9¢c0 172

150: ara L

157: M(3,1)+V([4,26]):-M[3,1])+Vv[5,25] :
158: =A[2,1)+vI4,27)i112,1)+V(6,25)

159: (1,11 +V[5,27)s=m[1,1)+V([6,206])

160: gto 164 S

161: lea[l,lj+nN[2,2]+0([3,3)+N[4,4)+0(5,5]+N([6,6)
162: Oew[1,2) 0 (1,3)en[0,d)on]1,5)+0(1,6)

163: O=ui2,0) «d(2,3)en[2,4) «N(2,5)«i(2,6]

164: OeN[3,1) eN[3,2)+u[3,4)N[3,5]n4]3,6) L
165’ 0‘-1(4,1['”'4,5]‘""‘;6'

loo: Oen[5,2] »d[5,4)+N(5,06)

167: 0+ud[06,3] »u[6,4)+n([6,5) .
168: M3, 1) =u(4,2):=4[3,1)+N[5,1)

169: =4(2,1) »nN(4,3);:4(2,1)+n(6,1])

170: M[1, llod[b 31;—1[1 L)+n[6,2)

171: jmp 2

172: 1dn N

A73: ten NeO

174: 1l-rld

175: 1115

176: 0P [cl4, 3+r1510P[3tt15,rlll

177: 1f £l5<3;1+l5+r15;9t0 176

173: if rld<3;lerlderld;gto 175

179: if cl3>l;gto 186

130: lerld

131: 1lerls .
182: Alcld,clS5)ePlcld,clS5]«P[3¢cld, thlsl

183: if rl5<3;1+cl5+rl5;9t0 142

14: if rli<d;lerldecld;gro 181

185: gto 213

106: if rli>2;gto 1913

137: lecld

138: lerls

189: Gleld,clS)«Pledd,cl5) «P[3reld,decls) .
190: A€ cl15<3;lecl5«cl5;9t0 189

191: if rld<d;lerldecld;nto 198
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192: gto 21}

193: 1f r13>3;9v0 200

194: lerld

195: 1lerl$

196: DIirdd, el «Pledd,cl5) «P(3¢rld,30115)
197: 4f cl3<);leclSerlS;gto 196

198: 1f rld4<3;lerlderl ;gto 195

199: gto 213 . 4 .
200: if rld»d;gto 207 ;

201: lerld .

202: 1+1l5

203: Efeld,el5)«P(cld,rlS)oP[3+cld,3¢115)
204: if rl5<3;1+rl5-r15;9t0 203

205: 4f rld4<3;lerlderld;gto 202

206: gto 213

207: if rld>5;9t0 373

203: lerld '

L 209: lerls

210: Cleld,cl5)=P(rld,rlS5) =P (3+4r1d,34115)

211: if rl5<3;1l+rl5+rl5;gto 210

212: if rld<i;lerlderld;gto 209

213: trn PeQ '

214: if r1d>l;q9to 218 ’

215: dsp "Use duilt-In Flex Coefficients?";wait 2000
216: dsp "l=YES,0=u0";wait 2000

?173 ent 122
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218:
219
220:
221:
222
220
224
225:
226:
227
224:
229:
210:
231:
232
233
234:
235:
236
2137
233
239
240:
241:
242:
243
244:
245:

2467

247:
248:
249:
2508
251:
252:
253:
254:
255:
256:
257:
253:
259:
260:
261:
262:
263
264:
265:
266:
2617
263:
209
270:
271:
272:
273:
274:
275:
276:
277:
274:
279:
280;
231:

= VAL PAGE IS
. _ 0 200R QUALLTY
if £22=0;9¢c0 244
Af tld>l;gto 224
l.26e-0+4]|1,1);4.08e-06+2(2,2)14.632e-6+2(3,3)
3, 32640-5+2(5,5)3:2,3993¢er5+416,6);~8.958e-6+2(2,6);1.12e~5+2(3,5]
2(2,00+216,201:213,5)+215,3)
gto 248
if rld>2;q9t0 229
4.240-6+24(1,1):2.6160-6+2(2,2);2.628e-6+213,3);5.0535e-4+2(5,5)
5 05350-4+2|6,6);~2,895e~5+2(2,6);2.055e-5+2(3,5)
Zi2,0)l«2(6,2132(3,5)+2(5,3)
gto 253
if rl3>3z;gto 234 :
7.903e-6+2(1,1);1.0433e-5+2(2,2]):5.568e-6+2(13,3);:8.3048e~-4+2(5,5)
8.3304e-4+4[6,6)3~5.533e~5-2(2,6)35.274e~-5+2(3,5]
L(2,6)+2(6,20;:2(3, 5]°2[5 i) : '
gto 253
if rl3>d;g9to 239
7.440-7+4(1,1):.7.932e~6-2(2,2);7.92e-6 oZl) 31;4.87%e~ S-IIS 5I
1.4356¢e~ 5¢Z[u,o|:-lo 52[2,6);4.86e-6+2(3,5

2(2,60+2(6,21;2(3,5)+2](5, JI ; y s o

gto 253

if rl3>5;9to 373

1.02e~6+2(1,1):2.004c-6+2(2,2]36.924e-6 od[J 3): 7, 3380-5«:[5 5]
1.89575¢-5+2(6,6);~6.01le-6+2(2,6)32.242e~-5+2(3,5]

z2(2,6]1 «2(6,201:2(3,5)+2(5,3)

gto 253

dso "LiPUT FLEX. COEFFICIEATS-GAMMAS" jwait 2000 -~ -===-c=cwscoman.

eno 2(1,1),2(2,2),213,3),215,5),2(16,6] ,2(2,6) z[J 5]

22,60 »2(6,2):2(3,5)+24(5,3)

if rli>ligto 253 "
0+2(1,2y+2(1,3)+2(1,4)+2{1,5)+4(1,6)

0-2(2,11+2(2,3)+2(2,4)+2!2,5)

0oz[3.1|-z[3,2|~213.410zl3.61

0+2(4,1)+2(4,2)+2(4,3)~2[4,4)+2([4,51+2[4,56]
0+2(5,0)»2(5,2)+2(5,4)+2(5,6)+2(6,11+2(6,3]+216,4])+2(6,5]

mat QO»R

mat ZRe3

mat PSeT

if rl3>l;gto 259
mat Nil+X .
jto 261 . = : . ~
mat Nl+Y »
ara Y+xox

l+cl3»rll *
if rl3<=5;9to0 134

dsn "Print End-if fector Arm Flex.?";wait 2000

dsp " l=YES , 0=u0Q ";wait 2000

ent r22

if r22=0;9t0 271

wrt 6,"EdD EFFECITOR ARM FLEXIBILIYY IN TiE GRIST-PITCIl SYSTEAY

ler21}

wee 6.3,4[c23,1) ,X(c23,2) ,4(c23,3) ,X[c23,4)] ,X(c23,5) ,Alc23,6]
1#c23+c23;i€ £23<=06;3¢t0 269
l+clb

lerl?

lecld

if rl6=rl7;9t0 278 . i
0+V(clé,rl7) .
el 7+r)7 i .
ltrl3-rld;qto 274

l+v[cld,rl7)

Gtrl7+cl7

l#rld+rld

if rld=rl7:at0 278

S

p-7 : :
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2021
20):
234:
2385:
286
20
238:
239:
290:
291:
292:
29):
294:
295:
2941
29
294
239
30:
301:
3Jo2:
103
304:
305:
3o
J07:
304:
309:
310t
311:
J12;
313
3l4:
315:
Jlo:
NN
Jl8:
319:
320:
321:
322;
32
324;
325:
s
NN
323
329:
330:
331:
332
333
3
3315
316:
317:
3la:
339:
340:
3l
342
ELRH

0+Virlo,r18) .

if r13<3o:9t0 280

lerlderld

if tl6<=3;9¢t0 272

d+1le

lerl?

OeVIiedXo, el 7)oV leedl6,leel )V [24r15,24117) -
Teviclo,3ecl 7)oV lerlo,44cl7)«v[2¢clo,5+117) Ty b
6¢cl 7+l

if rl7¢=3)1;q9t0 288

d+1lo

1117

OevV[rld,44c17)«V[c16,5¢c17) .

6+cl7-rl? gt e e E A M AT e I W o, e
if t17¢=31;9¢t0 294 . . ' .
1trléerle '

il rlod>5;gto 304 . .

1117

OV elod,3¢rl?)+V(clé,5+1c17)

otrl7ecl?

if rl7<=31;9t0 300

gto 297

lerl?

0+V[rld,3¢rl7)+V(cl6,4+cl7) ) %
64l 74017 -

if £17<=31;9¢0 305 '
Oev[4,321+V[4,33)+V[5,31)+V[5,33])+V[6,31]+V[6,32)

tdm 2(6,6)

nat Vaeld

dso "Print [ne JACOBIAN ?";wait 2000

dsp " 1=YES , 0=dd "jwait 2000

ent r22

if r22=0;9t0 320

wrt 6.1

wrt 6, "JACOBIAN FOR TiIS AR CONF. IN TUHE WRIST=-PITCH SYSTEM"

ler2) ‘ 4

wet 0.3,2(c23,1),2(c23,2) ,2(c23,3),21c23,4),2(c2),5) ,%(c21,6)
1¢c23+r23;if r23<=0;3¢t0 313
cda Ol6,0]),8(6,00,3(0,0),0(5,5) ,8(5,11,0Q11,51,P(5,1],vI1,1) ORICINAL PAGE IS
n 20 .
ihv 00 ' - UL POOR QUALATY.
inv 2+2 - -
mat KO+ R - )
mat LRe+5 . : -
dsp "Print Joint Flex. Matrix ?";wait 2000
dsp " 1=YES , 0=d0 ";wait 2000
ent r22 .
if r22=0;9t0 135
wit 6.1
wrt 6,"JOINT PLEXIBILITY MATRIX®
leg23
wee 6.3,31c23,1) ,3(c23,2) ,3(c23,3) ,5(c23,4),5(c23,5) ,3(c23,6)

Are23er2 3;4€ £23¢<=6;73¢c0 333

letlo

L+l 7

lerl.

1+c13

1-¢20

if rl6=rl7;9c0 347 -
if clo=rld;gto 344

Slcl?,cld]+r|c19,020]

ler2d+r20

=
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M4
LY
o
347
343:
RIEH
350:
351:
352
353
354:
355:
355:
/N
358
359
360:
361:
362:

- 363:

364:
365:
366
367:
J6s:
Jo9:
370:
37
312

1telderld
if rl3<=d;9t0 M1
1trlverld S s e e = e a T e A Y,
1+l 71l _
if cl7<=6;3t0 338 !
rléolll ' .
l+1cl7
1erly "
if rld-rl?:qto 358
Slel?,c1d) «i(el9,1)
il
'e *5 On y A
if r17¢=6;9t0 352 _ ORIGINAL PA

i f‘\‘

ten WeQ : OEK POOR QUALITY

inv TeT
aat THeP
mat QPsV
rdm R[6,1) ‘ '
S(ele,rlé)=v([1,1)+R[cl6,1)
ltrlo-rlé
i r16<-osqto 336
fmt 4,e11.4,1x,e11.4,1x,e11.4 lx,ell.l,lx.oll.l.lx,oll.
wet 6.1
wrt 6,"JOINT FLEXIBILITIES FOR THE TORQUE MOTOR MODEL"
wrt 6.1
wit 6," SHOULDER SHOULDER ELBOW WRIST WRIST
wee 6," YAW JT. PITCIH JT. PI''CH JT. P1TCH JT. YAW JT.
WLt 6," =e=mceccce essscccccs cscccceess memseceseee esssessce=s

wrt 6.4,R(1,1), R[? 1] ,R{3,1) ,R[4,1) ,R([5,1],R[6, 1|

;33395"‘1

HAN
ROL

~e
..

- B,



